Abstract: Functional segmented polymer networks (FSPNs) were synthesised via free radical initiated copolymerisation of polytetrahydrofuran (PTHF) bis-macromonomers with vinylbenzyl chloride (VBCl). The purpose of this work was to create FSPNs, providing supports with a functional group that can be substituted and may serve to immobilise other reagents such as catalysts. After the preparation and detailed characterisation of several PTHF bis-macromonomers, FSPNs were prepared with varying molecular weight of the PTHF chain and varying PTHF/ PVBCl ratio. Measurements of the soluble fraction and elemental analyses demonstrated that FSPNs with a wide composition range could be prepared. From dynamic-mechanical and thermal analyses, it could be concluded that most FSPNs showed some degree of compatibility and complete absence of crystallinity. The mechanical properties of the FSPNs are directly related to their composition. The degree of substitution of all networks is close to quantitative.
Introduction
The use of cross-linked polymers carrying reactive functional groups has been known for many decades and has been the basis of the explosive development of resins for ion exchangers and solid phase chemistry [1] [2] [3] [4] [5] . The advantages of attaching catalysts, reagents, etc. onto a polymer support are numerous. Polymer supported approaches are favoured in many cases because they simplify product isolation, are more friendly to the environment and simplify reaction conditions in a lot of cases.
Until recently, polymer supports were mainly based on chemically modified styrenedivinylbenzene copolymers (PSt-DVB). The physical properties of these networks, such as overall polarity and swelling properties, are therefore related to the physical properties of polystyrene. Modern organic synthesis utilises a broad range of reagents, catalysts, solvents and reaction conditions and the supports used for solid phase organic synthesis should be as much as possible versatile in their compatibility and characteristics. Therefore, the development of new materials, which are designed for specific reaction conditions, are of great interest. Examples of making a polymer support more compatible with more polar solvents and reagents are polymer systems that incorporate poly(ethylene glycol) [6] , polyester [7] and butanediol dimethacrylate [8] . Janda et al. recently described a series of polystyrene polymers that incorporate short flexible polytetrahydrofuran-based cross-linkers, to overcome certain shortcomings of PSt-DVB [9] [10] . The objective of the incorporation of polytetrahydrofuran (PTHF) segments into the polymers was to slightly increase the overall polarity of the polymer and thus to render the resin more organic solvent like.
In the present report, we explore a versatile set of functionalised multicomponent cross-linked polymers, further designated as functional segmented polymer networks (FSPNs). Segmented polymer networks, also referred to as block copolymer networks, are generally produced by copolymerisation of a monomer A with a bismacromonomer of monomer B, i.e., a polymer provided with two (co)polymerisable end groups [11] [12] [13] . Several examples of such segmented polymer networks have been described recently [14] [15] [16] [17] , some of which containing reactive functional groups such as tertiary amines [18] , amino-dendrimers [19] or carboxylic acids [20] .
In the present paper, FSPNs are described consisting of PTHF and poly(vinylbenzyl chloride) (PVBCl) segments. The PTHF segments provide an inert matrix with a low glass transition temperature (T g ), which gives the possibility to form elastomeric, flexible materials. The PVBCl segments, on the other hand, provide reactive benzylic halogens, which are useful for transformations by nucleophilic substitution reactions.
The objectives of this work were on one hand to develop FSPNs consisting of two components, providing supports with functional groups that can be substituted and may serve to immobilise for example a catalyst, and on the other hand to design tailor-made polymer supports that can be used for a wide range of reaction conditions. By combination of different polymer structures in one single network, such polymer supports can be obtained by changing the ratio of the components and the molecular weight of the bis-macromonomer. The influence of these factors onto characteristics such as overall polarity, swelling degree, mechanical properties, morphology and substitution degree of the FSPNs will be described.
Results and discussion

Synthesis of the bis-macromonomers
PTHF Bis-macromonomers with acrylate end groups at both chain ends are obtained by cationic ring opening polymerisation of THF with trifluoromethanesulfonic acid anhydride (Tf 2 O) as initiator, followed by end-capping of the living chain ends with acrylic acid in the presence of 2,2,6,6-tetramethylpiperidine (TMP) as proton trap, as described earlier [21] .
Bis-macromonomers with varying molecular weights were prepared by changing the monomer-to-initiator ratio and by terminating the polymerisation at the appropriate conversion [22] . Tab. 1 gives an overview of the synthesised PTHF bis-macromonomers. The molecular weight of the prepolymers varies between about 2000 and 6000. The polymers show a low polydispersity (M w /M n < 1,2), and a good agreement between M n obtained from size exclusion chromatography (SEC) and M n calculated from end-group analysis by 1 H NMR already indicates a quantitative end-group functionalisation. Fig. 1 shows the MALDI-TOF spectrum of the polymer PTHF 2000 with dithranol as matrix and silver trifluoroacetate as cationising agent. The spectrum consists of a set of well-resolved peaks, each separated by 72 mass units, which is the molecular weight of the THF repeat unit. The MALDI-TOF values for the number-average molecular weight are in good agreement with those obtained with SEC and NMR. Furthermore, the good correspondence between experimental and theoretical isotope distributions and the absence of any side series confirms the presence of two acrylate groups at the polymer chain ends.
Tab. 1. Overview of the synthesised PTHF bis-macromonomers: number-average molecular weight M n , polydispersity, PDI, and end group functionality, F 
Synthesis of the FSPNs
The segmented polymer networks were prepared by free-radical copolymerisation of the PTHF bis-macromonomer with a given amount of VBCl, in bulk at 75°C with Perkadox ® (bis(4-tert-butylcyclohexyl) peroxydicarbonate) as initiator ( Fig. 2 ).
As PTHF is soluble in VBCl, it is possible to perform the polymerisations in bulk.
Although the copolymerisation parameters of styrene derivates and acrylates show that acrylates are reacting much faster, the presence of a macromolecular chain and low concentrations of acrylate groups probably lead to a rather random incorporation of PTHF chains in the network. Recently, a model study on PTHF bis-macromonomers and other co-monomers confirmed this hypothesis [23] .
Fig. 2. Idealised presentation of the preparation of the FSPNs by copolymerisation of PTHF bis-macromonomer with VBCl
Segmented networks with different compositions and cross-linking densities have been prepared. The cross-linking density can be controlled by variation of the composition of the networks and the molecular weight of the bis-macromonomers. In Tab. 2, an overview of the different networks and some of their properties are presented.
It can be seen that the soluble fraction of the networks is always below 10% and in most cases even below 5%, which indicates an almost quantitative copolymerisation between the bis-macromonomers and VBCl. NMR analysis demonstrated that the soluble fraction mainly consisted of unreacted monomer. The absolute value of the soluble fraction is directly related to the cross-linking density and thus decreases with increasing amount and decreasing molecular weight of the bis-macromonomer.
The composition of the purified FSPNs has also been checked using elemental analysis. In general the composition of the networks approaches the composition of the original mixture, which again indicates a good copolymerisation reaction between both components. b Cross-linking density = number of crosslinks/mass of the network [24] .
c Extraction in boiling CH 2 Cl 2 , in order to remove unreacted monomer and/or polymer.
d Composition of the network after extraction of the soluble fraction as determined by the ratio of O and Cl (absolute errors about 2,5 wt.-%). Some networks have not been investigated by elemental analysis.
Morphology of the FSPNs
The morphology of the FSPNs was studied with dynamic mechanical thermal analysis (DMTA) and differential scanning calorimetry (DSC). PTHF and PVBCl are incompatible and, therefore, it was expected that phase separation could take place in the segmented networks. The incompatibility of PTHF and PVBCl was demonstrated by DSC. A mixture of linear PTHF 6000 and PVBCl, obtained by evaporation of a THF solution of equal amounts of both polymers, was analysed by DSC. A melting peak at 22°C, corresponding to a crystalline fraction of PTHF, was observed proving that PTHF domains have been formed in the polymer blend. Fig. 3 shows DMTAs of three FSPNs with different composition, obtained from the PTHF 6000 bis-macromonomer. It can be seen that the tanδ temperature curves show one broad peak with a maximum situated between the T g values of the two constituting polymers: -86°C for PTHF and 100°C for PVBCl. For networks with PVBCl content above 50 wt.-%, a shoulder can also be observed at lower temperatures. The maximum of the main peak moves to higher temperature with increasing amount of PVBCl, as expected for bicomponent polymer structures with some degree of compatibility.
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Furthermore, DSC analysis of the same samples confirmed that there was no crystallinity in the polymer networks. These observations are strong evidence that phase separation in these networks is strongly hampered. It has been reported previously that during the formation of SPNs, consisting of two incompatible polymers, phase separation can be reduced or even avoided if the gelation of the reaction mixture occurs before phase separation takes place [25, 17] . It could thus be concluded that the FSPNs obtained from PTHF and PVBCl show a 'forced' compatibility due to network formation, which reduces the chain mobility and, consequently, hampers the phase separation. From this, it could be expected that the benzylic chloride groups be rather randomly distributed over the functional SPNs. Similar results were obtained for SPNs based on PTHF 3700 and PTHF 2000 . 
Swelling properties of the FSPNs
When a polymer network is used as support for reagents or catalysts, its swelling properties are of great importance because they determine the accessibility of the immobilised species in the network. The swelling degrees of the networks in several solvents are reported in Tab. 3. As expected, the equilibrium swelling degree is directly related to the cross-linking density of the networks, i.e., higher swelling degrees are observed for increasing molar mass and decreasing fraction of the bismacromonomer. Swelling reaches high values in good solvents for PTHF and PVBCl, such as dichloromethane, toluene and THF, but is much lower in polar solvents such as methanol. None of the FSPNs swell in water. 
Tab. 3. Equilibrium swelling degrees (S) of the FSPNs in different solvents
Mechanical properties of the FSPNs
For practical applications, it is often important that the networks have enough mechanical stability in the dry as well as in the swollen state. The mechanical properties of the materials were measured by stress-strain measurements on filmshaped networks. Fig. 4 shows some examples of stress-strain curves of the FSPNs. It was observed that, at room temperature, networks with high PVBCl content show a high E-modulus and a ductile breaking point. Elongation up to 200% can be observed. On the other hand, the networks with a high PTHF content behave as elastomeric materials. Moreover, it can be concluded that a higher molecular weight of the PTHF bis-macromonomer results in a lower elasticity modulus (E). 
Reactions on the FSPNs
The final aim of such functionalised networks is to immobilise catalysts or reagents. In order to test the possibility to introduce other functionalities by nucleophilic substitution of the benzylic chloride, a reaction was carried out with potassium diphenylphosphine as nucleophile. The reaction was performed on the networks in the shape of 1 mm thick films and carried out in THF under an inert atmosphere. The swelling degrees of the networks in THF are mentioned in Tab. 3.
From elemental analyses (ICP-AES), it can be concluded that substitution is almost complete for all investigated networks. The remaining Cl groups are on the order of 1,25 mol-% compared to the original amount. For example, the Cl content of PTHF 6000 /PVBCl 25/75 is 4,52 mmol/g before substitution and 0,0564 mmol/g after substitution.
The networks functionalised with the PPh 2 groups can be used for instance to immobilise a catalyst onto the support. In further work, the immobilisation of a Rucatalyst and the use of such SPNs as hybrid catalyst systems will be reported.
Experimental part
Reagents and materials
Tetrahydrofuran (THF, Acros 99%) was used after distillation over sodium in the presence of traces of benzophenone until a blue colour persisted. Trifluoromethanesulfonic acid anhydride (Tf 2 O, Acros, 98%), 2,2,6,6-tetramethylpiperidine (TMP, Acros, 98%) and vinylbenzyl chloride (VBCl, Aldrich, para-isomer 99%) were purified by distillation under nitrogen atmosphere. Acrylic acid (Acros, 99%) was purified by vacuum distillation. Potassium diphenylphosphine (KPPh 2 ) (Fluka, 0,1 M THF solution) and (bis(4-tert-butylcyclohexyl) peroxydicarbonate) (Perkadox ® ) were used as received.
Synthesis of the PTHF bis-macromonomers
A typical reaction is as follows: In a water bath at 25°C, 100 ml of THF was introduced into a 250 ml flask. With stirring, 0,40 ml (2,4 mmol) of TfO 2 was added. After a certain time and conversion (depending on the desired molecular weight) 0,49 ml (7,2 mmol) of acrylic acid and 1,215 ml (7,2 mmol) of TMP were added for termination of the polymer chains. The salt was filtrated and the polymer could be precipitated in pentane at -30°C.
Synthesis of segmented polymer networks based on PTHF and PVBCl
A typical reaction is as follows: 0,25 g of PTHF 6000 bis-macromonomer was dissolved in 0,75 g of VBCl (0,69 ml) in a 10 ml flask. 0,029 g (1,5 mol-%) of free radical initiator Perkadox ® was added and the mixture was degassed four times. The mixture was injected between two glass plates, separated by a silicon spacer (thickness 1 mm) and heated to 75°C for 10 h. Post-curing occurred in a vacuum oven for 12 h at 60°C. The films were extracted with CH 2 Cl 2 using a Soxhlet apparatus and were dried in vacuum at 40°C.
Modification of the networks
In a dry and degassed flask, the networks were swollen in THF under Ar atmosphere. A THF solution of KPPh 2 (0,5 M) was added and the networks were swollen for 12 h at room temperature. After filtration, the networks were washed several times with dry THF and CH 2 Cl 2 and dried in vacuum at 40°C.
Instruments
1 H NMR spectra were recorded in CDCl 3 on a Bruker AM500 spectrometer at 500 MHz.
Molecular weight and polydispersity were measured with a Waters gel permeation chromatograph equipped with a 60 cm 10 3 Å column from Polymer Laboratories, chloroform as eluent (flow rate 1,0 ml/min) and calibrated with polystyrene standards. The correction factor used for calculating the molecular weight of PTHF is 0,38.
MALDI-TOF spectra were recorded with a PerSeptive Biosystems Voyager-DE STR MALDI-TOF spectrometer equipped with 2 m linear and 3 m reflector flight tubes and a 337 nm nitrogen laser (3 ns pulse). All mass spectra were obtained with an accelerating potential of 20 kV in positive ion and linear or reflectron mode. The data were processed with Polymerix software. Dithranol (1,8-dihydroxy-9(10H)-anthracenone) (20 mg/ml THF) was used as matrix, Ag trifluoroacetate (5 mg/ml THF) as cationising agent. The polymer samples were dissolved in THF (10 mg/ml THF).
Differential scanning calorimetry (DSC) was used to examine the crystallisation behaviour of the dry networks. A Perkin Elmer DSC7 apparatus with thermal analysis controller TAC7/DX was used. After a first heating and cooling cycle, the samples were heated from -100°C to 200°C at a scanning rate of 10°C/min.
The swelling properties of the segmented networks were determined gravimetrically in different solvents. A dried piece of network was immersed in a solvent at room temperature. Periodically, the samples were removed from the solvent and weighed. After about two hours a constant weight was reached. The degree of swelling S is defined as (ρ = density of the solvent):
Dynamic mechanical thermal analysis was conducted with a Thermal Analysis DMA 2980 apparatus on rectangular films at a heating rate of 10°C/min and with a frequency of 1 Hz.
Stress-strain measurements were performed on the film shaped networks with a Hounsfield HT instrument at 5 mm/min at room temperature. Typical sample sizes are: length 14 mm, width 3 mm and thickness 1 mm. The elasticity modulus was calculated at 5% deformation.
Conclusions
A new kind of polymer support was synthesised and characterised. To avoid certain shortcomings of the classical polymer support, PSt-DVB, we combined a PTHF cross-linker with VBCl to create a kind of 'tailor-made' support. PTHF bis-macromonomers with varying molecular weight were synthesised and combined with VBCl. DMTA and DSC analysis demonstrated that phase separation between both components is strongly hampered due to the presence of crosslinks between them. It has also been shown that swelling and mechanical properties of such FSPNs strongly depend on the composition and can be varied over a wide range. The benzylic chlorine group in the networks can be substituted in an almost quantitative way, which opens the way to the immobilisation of catalysts and reagents onto the FSPNs.
